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Abstract 
The multiplexing ability of a novel multiplexing fiber Bragg grating (FBG) method based on Optical Time Domain Reflecto 
meter (OTDR) and Time Division Multiplexing TDM technologies has been theoretically analyzed and studied. This method 
permits the interrogation of hundreds of identical FBGs with low reflectivity in a single fiber, making the FBG sensors more 
applicable in the aerospace health monitoring engineering. The analysis shows that the multiplexing ability can be greatly im-
proved if the FBG reflectivity is sufficiently low. And hence, an inexpensive large-scale distributed sensing system based on this 
method can be realized. When evaluating the multiplexing ability of this system, we propose for the first time that the interfer-
ence effect of multi-reflections among FBGs should be taken into consideration.  
Keywords: Bragg gratings; multiplexing; low reflectivity; multi-reflection; interference effect  
1. Introduction1 
Since Hill [1] reported the first fiber Bragg grating 
(FBG) in the world in 1978, the FBGs have been 
widely used and rapidly developed in fiber communi-
cation area and fiber-optic sensing due to their good 
properties, such as free of charge, electromagnetic 
immunity, high sensitivity, size compact, and espe-
cially large multiplexing capability. Generally, FBGs 
can be used as miniature, inexpensive, and lightweight 
strain and temperature sensors for applications such as 
real-time health monitoring of aircraft, space vehicles, 
and aid structures of smart materials [2]. However, 
hundreds or thousands of sensors are needed to realize 
a greater area of the quasi-distributed measuring in the 
aerospace health monitoring. Therefore, improving the 
FBG-multiplexing ability and compositing the distrib-
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uted sensing network can fulfill its application in the 
field of aerospace monitoring engineering. 
Up to now, there are many kinds of reported multi-
plexing methods, such as time division multiplexing 
(TDM), wavelength division multiplexing (WDM), 
space division multiplexing (SDM), sub-carrier multi-
plexing (SCM), frequency modulated continuous wave 
(FMCW) and their combinations [3-9]. TDM and WDM 
are the two most popular kinds of multiplexing meth-
ods in FBG sensor systems [10-13]. Nevertheless, the 
maximum number of sensors in WDM system is often 
limited by bandwidth of broadband source and range 
of every FBG sensor wavelength shift. While in a 
TDM system, wavelength-shift information of each 
sensor is explored by the detector according to the 
time sequence of a pulse to be reflected from each 
sensor in the serial sensor array. So a TDM system 
does not demand a source of a wide spectrum and 
permits the FBGs of nominally the same central wave-
length serially written in a fiber. And hence, in this 
paper, we apply the TDM technique to analyze the 
FBG multiplexing capability. In this system, the multi-
plexing ability can be greatly improved by using low Open access under CC BY-NC-ND license.
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reflectivity FBGs [14-15]. However, the dependence of 
the multiplexing ability on the reflectivity of the FBGs 
in such a system has not yet been theoretically studied, 
which is the focus of this paper. 
We have analyzed a TDM sensor system with iden-
tical FBGs of low reflectivity in a single fiber. As all 
the multiplexed FBGs have an identical center wave-
length, they can be produced in a single fiber by the 
on-line drawing and writing fabrication process with 
only one pattern mask, which will lower the cost and 
increase the reliability of the FBG array [16]. Further-
more, it is convenient in use and cheap in maintenance. 
The most important is that increase in multiplexing 
number will elevate the cost performance ratio of such 
a system. Through analyzing the key factors that limit 
the multiplexing ability, we deduce that the multi-re- 
flection among the FBGs is the dominant reason. Al-
though the multi-reflection has been taken into con-
sideration in the multiplexing research in several pa-
pers [17-18], none of them have paid attention to the in-
terference effect of the multi-reflection signals. The 
spectral width of the reflected FBG signals is so nar-
row that their interference effect is significant, which 
should not be neglected in this analysis. Additionally, 
from the following comparison between the fiber op-
tical time domain reflectometer (OTDR) system and 
the TDM of the low reflectivity, it can be demonstrated 
that the multiplexing ability can be greatly improved 
and this method permits the interrogation of hundreds 
of FBGs along a single fiber, if the reflectivity of the 
identical FBGs is sufficiently low. 
2. Fiber OTDR System vs. TDM of Low Reflectiv-
ity FBGs 
2.1. Fiber OTDR system 
Nowadays, the OTDR device, which is used widely 
in optical fiber communication engineering, is a ma-
ture large-scale distributed sensing system. By detect-
ing Rayleigh backscattering signals produced by exci-
tation light pulse, the optical loss property along a fiber 
can be measured. The backscattered power PRayleigh(L) at 
a distance L is given in Eq. (1) [19]: 
2 2
Rayleigh 0 0( ) ( ) e e
L L
SP L P S l P
α αη α η β− −= Δ =⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅  
(1) 
where η < 1 is the efficiency factor considering cou-
pling effect, P0 the power of excitation light pulse, αS 
the Rayleigh scattering coefficient, Δ l = Δ t⋅vg the 
length of the transmitted light pulse in fiber, α = 
αS+αa(<<αS [20]) the total attenuation coefficient with 
αa being the fiber absorption coefficient, S the fraction 
of the Rayleigh scattering captured by the fiber core 
and guided back to the OTDR. The backscattering 
capture coefficient S is given in Eq. (2). 
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0
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where NA is the fiber’s numerical aperture, n0 the re-
fractive index of the fiber core center and m depends 
on the refractive index profile. For single-model fibers, 
a typical value for m is 4.55 [21-22]. 
Dynamic range D is an important index of OTDR 
system, denoting the ratio of the maximum power to 
the minimum power that the system can accept: 
max
min
10 lg
P
D
P
=              (3) 
where Pmax means the maximum power that the OTDR 
system can accept; Pmin means the minimum power 
that the OTDR system can accept. For an OTDR de-
vice having a certain dynamic range D, the measurable 
fiber length L is 
dB
1
20lg e 2
D DL α α= =⋅          (4) 
The number of points that can be detected is  
dB
1
20lg e 2
L D DN
l lα α= = =Δ Δ⋅      (5) 
Since system losses in general are calculated in dB 
units, it is more convenient to use the attenuation coef-
ficient αdB in dB/km units, Eq. (5) uses the following 
transform relation [19]: 
dB dB
ln 10 1
10 10lg e
α α α= =          (6) 
From Eqs. (4)-(5), we can see that when the dy-
namic range D is determined, the measuring length and 
number are inversely proportional to the fiber attenua-
tion coefficient. Since the attenuation coefficient is 
very small for single-mode fibers, which is about 
0.25 dB/km at 1 500 nm, it is not difficult to imple-
ment the fiber measurement for several tens of kilo-
meters.  
It is the extremely low loss property that enables the 
long distance measurement of the OTDR system. Ac-
cordingly, it is feasible to realize a large-scale distrib-
uted sensing system by multiplexing FBGs of suffi-
ciently low reflectivity in series in a single fiber. 
2.2. TDM of low reflectivity FBGs 
A TDM system has many different multiplexing 
configurations, some of which are shown in Fig. 1. 
The arrangements include a serial connection of low 
reflectivity FBGs, each having the identical central 
wavelength λ0. 
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Fig. 1  Schematic configurations of multiplexing identical FBGs of low reflectivity along a single fiber. 
3. Multiplexing Ability of TDM of Low Reflectivity 
FBGs 
3.1. Dynamic range and multiplexing ability of the 
system 
If K identical FBGs of a reflectivity ρ are multi-
plexed in a single fiber, the light reflected by the kth 
FBG and then received by the detector is 
2( 1)
0( ) ( ) (1 )
kP k Pη λ ρ ρ −= Δ −⋅ ⋅ ⋅      (7) 
where PΔλ the power of the incident light pulse in the 
FBG reflection spectrum. The definition of dynamic 
range D like Eq. (3) is introduced here:  
10 lg( (1) / ( )) 20( 1) lg(1 )D P P K K ρ= = − − −  (8) 
Accordingly, the multiplexing number of the system is 
1
20 lg(1 )
DK ρ= +− −            (9) 
Eq. (9) shows that the multiplexing number can be 
increased by either enlarging the receiver dynamic 
range or reducing the reflectivity of the identical 
FBGs. The dynamic range D is usually about 30- 
50 dB, while the OTDR can provide 85 dB dynamic 
range measurement [18]. The relationship between re-
flectivity and the multiplexing ability is shown in Fig. 2. 
Practically, the reflectivity cannot be reduced arbi-
trarily, which is limited by several factors, like the 
Rayleigh scattering, multi-reflection among gratings 
and the fiber loss. 
 
Fig. 2  Multiplexing ability vs. reflectivity of FBGs. 
3.2. Dynamic Rayleigh scattering’s limitation to       
multiplexing ability 
As the reflection spectrum of FBGs and Rayleigh 
scattering spectrum would overlap, the FBGs reflected 
power should be much higher than the Rayleigh back-
scattering light power to distinguish the reflected sig-
nal light from Rayleigh backscattering light. As the 
reflected signal power from the last FBG is the weak-
est, it should be higher than the Rayleigh backscat-
tering light power: 
FBG Rayleigh( )P K P>              (10) 
In order to detect the signal information effectively, 
we assume that 
FBG Rayleigh( ) 10P K P≥             (11) 
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Combining Eq. (1), Eq. (7) and Eq. (11), Eq. (12) 
can be derived: 
2( 1)
0 0(1 ) ( ) 10( )
K
SP S l Pρ ρ λ α−− Δ ≥ Δ⋅ ⋅ ⋅ ⋅   (12) 
As the system uses the sweep- frequency source or 
filters having a very narrow spectral width to realize 
the wavelength detection, we assume that PΔλ ≈P0. 
Therefore the multiplexing number limited by Ray- 
leigh backscattering light is 
lg 10( )
( ) 1
2lg(1 )
SS lK
ρ
αρ ρ
Δ≤ +− −
⋅ ⋅
         (13) 
For single-mode fibers, the Rayleigh scattering co-
efficient is very small, S⋅αS −10−7/m [19]. If the distance 
between the adjacent FBGs is 1 m, the excitation light 
pulse width is 1 m, and ρ = 0.1%, then the multiplex-
ing number can be derived from Eq. (13), which can 
reach several thousands. It shows that Rayleigh scat-
tering’s limitation to the multiplexing ability is very 
small. 
3.3. Effect of multi-reflection among FBGs on multi-
plexing ability 
As all of the FBGs in the system are identical, when 
the temperature and the strain in these FBGs are all the 
same at one moment, reflected spectrum from these 
FBGs will overlap completely. If the lights produced 
by different FBGs arrive at the receiver after multi- 
reflection at the same time with the FBG signal light to 
be detected, disturbance would occur, which results in 
measurement error, as shown in Fig. 3. Ray 1 is the 
reflected signal light we have to detect, which is called 
the first order reflection. Ray 2, Ray 3 and Ray 4 ar-
rive at the receiver at the same time with Ray 1, which 
are called the second order multi-reflection, third order 
multi-reflection and fourth order multi-reflection re-
spectively. For the signal Ray 1, Ray 2, Ray 3 and 
Ray 4 are all disturbances.  
 
 
Fig. 3  Multi-reflection among FBGs. 
In order to evaluate the influence of multi-reflection, 
we consider the extreme situation that all the central 
wavelengths of FBGs are the same, and the measuring 
point is set at the last FBG. As the reflectivity of the 
system is smaller than 1% and there is four orders of 
magnitude differences between the intensity of each 
order reflected lights, the high order multi-reflections 
have no contribution to the interference intensities and 
we only consider the second order multi-reflection. In 
this system, there are K identical FBGs multiplexed 
along the fiber, and the distance between the adjacent 
FBGs is equivalent. The path number N of the second 
order multi-reflections that arrive at the receiver at the 
same time with the signal light reflected by the Kth 
FBG is 
( 2)( 1)
2
K KN − −=             (14) 
Assuming the FBG reflectivity ρ is a constant and 
the power of the source is Is, then these N multi-re-
flection pulses are 
3 2( 2)
s (1 ) ( 1, 2, , )
K
iI I i Nρ ρ −= − = L    (15) 
The reflected pulse at the measured Kth FBG is 
          2( 1)s (1 )
KI I ρ ρ −= −          (16) 
Consider a numerical example and assume the re-
flectivity ρ=5%, K=3, and N=1. Then we obtain the 
relation I/I1=361. I is much higher than I1, hence I1 can 
be neglected [17]. However, as the multiplexing number 
K increases, the number N of the second order 
multi-reflection increases much more greatly. Then 
these N signals’ interference effect on the measured 
signal light should be taken into account. From the 
following analysis, we can conclude that the reflectiv-
ity ρ plays an important role in the multiplexing ability. 
As the N second order multi-reflection signals’ cen-
tral wavelengths are identical, their phase differences 
are constant, and their vibrations are not vertical, 
which satisfies the basic conditions for interference. 
The FBG spectral width Δλ of a reflected signal 
(full-width at half of maximum) is about 0.2-0.3 nm, 
No.5 LIU Jiansheng et al. / Chinese Journal of Aeronautics 24(2011) 607-612 · 611 · 
 
and the center wavelength λ is usually 1 550 nm. The 
N second order multi-reflection signals can be re-
garded as quasi-monochromatic light sources because 
of the relation Δλ<<λ. Accordingly, their interference 
effect is significant [23]. The field intensity of the N 
second order multi-reflections and their interference 
light intensity are as follows: 
3 2( 2)
s (1 ) ( 1, 2, , )
K
iE I i Nρ ρ −= − = L   (17) 
2
2 3 2( 2)
s
1
(1 )
N
K
M i
i
I E N I ρ ρ −
=
⎛ ⎞= = −⎜ ⎟⎝ ⎠∑    (18) 
In order to detect the signal light reflected by the 
measured FBG, the intensity of the measured signal 
should be stronger than the second order multi-reflec-
tion interference light: I ≥ IM. To ensure the effective 
detection, we assume that I=10IM. Then 
2( 1) 2 3 2( 2)
s s(1 ) 10 (1 )
K KI N Iρ ρ ρ ρ− −− = −    (19) 
2
2 2 2 2max max( 2)( 1)(1 ) 10 10
2
K K
Nρ ρ ρ− −⎡ ⎤− = = ⎢ ⎥⎣ ⎦  
(20) 
The maximum multiplexing number is 
max 2
4
2 2
10
1
K
ρ
ρ
≈ +
⎛ ⎞⎜ ⎟−⎝ ⎠
          (21) 
Eq. (21) shows that the multiplexing number limited 
by multi-reflection among FBGs is inversely propor-
tional to the reflectivity of identical FBGs. For FBGs, 
the refractive index is periodically modulated to pro-
duce a reflectivity that can vary greatly, from 0.000 1% 
to 99% [18]. When the reflectivity is 0.01% and 0.1%, 
the multiplexing number limited by multi-reflection is 
respectively 114 and 37, as shown in Fig. 4. It can be 
derived from Eq. (21) that multiplexing ability can be 
greatly improved if the FBG reflectivity is sufficiently 
low. And hence, hundreds of FBGs having identical 
central wavelengths can be multiplexed along a fiber. 
Theoretically, the Rayleigh scattering coefficient 
(about 10−7/m [19]) is the minimum FBG reflectivity 
that the system can accept. 
 
Fig. 4  Relationship between reflectivity and multiplexing 
ability. 
3.4. Influence of fiber loss 
In Eq. (7), we neglect the fiber loss influence so as 
to simplify the analysis. Actually, fiber loss is so small 
that this error can be neglected in practice, which can 
be confirmed by the following analysis. Considering 
fiber loss, Eq. (7) should be modified to Eq. (22): 
2( 1)
0 0( ) ( ) (1 ) exp( 2 )
kP k P klλ ρ ρ α−′ = Δ − − =⋅ ⋅ ⋅  
2( 1)
0 ( ) (1 ) exp( 2 )
k
kP Lλ ρ ρ α−Δ − −⋅ ⋅ ⋅     (22) 
where l0 is the distance between adjacent FBGs, Lk= 
kl0 the distance between the input terminal and the kth 
FBG. If the fiber is 1 km, the difference between 
Eq. (7) and Eq. (22) is only 5%, therefore the effect 
caused by the fiber loss on Eq. (7) can be neglected, 
and the analytical conclusion in Fig. 2 is highly accu-
rate.  
3.5. Unification between multiplexing method of iden-
tical low reflectivity FBGs and OTDR technology 
Since the multiplexing method of identical low re-
flectivity FBGs derives from the OTDR technology, 
they two should have a similar mathematical descrip-
tion. Here, the relationship between the multiplexing 
method and OTDR system is illustrated as follows. 
Rewrite Eq. (22), and Eq. (23) can be derived: 
0
0
0 0
( ) ( ) exp[2( 1) ln(1 )]
exp( 2 ) ( ) exp[2( 1)( )]
exp( 2 ) ( ) exp[ 2( / ) ]
k
k k
P k P k
L P k
L P l L
λ ρ ρ
α λ ρ ρ
α λ ρ α ρ
′ = Δ − −
− ≈ Δ − −
− ≈ Δ − + =
⋅ ⋅ ⋅
⋅ ⋅ ⋅
⋅ ⋅
2
0 ( ) e k
LP αλ ρ ′−Δ ⋅ ⋅            (23) 
where α′=α+ρ /W. When ρ << 1, we use the ap-
proximation ln(1−ρ)≈−ρ in the derivation. And hence, 
Eq. (1) that describes the OTDR system and Eq. (23) 
that describes the multiplexing system with identical 
low reflectivity FBGs have the same format. Small 
values of coefficients α′ and α can assure that these 
two systems have a comparative large multiplexing 
ability. 
4. Conclusions 
(1) The interference effect of multi-reflections among 
FBGs is significant as the multiplexing number in-
creases, and should be taken into consideration when 
evaluating the multiplexing ability of identical FBGs 
in a single fiber.  
(2) The multiplexing ability can be greatly improved 
if the FBG reflectivity is sufficiently low.  
(3) This method permits the interrogation of hun-
dreds of FBGs in a single fiber with low reflectivity, so 
as to implement low-cost large-scale distributed grat-
ing sensing system. 
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